Multiple Axial Surface PWSCC Growth Assessment of Steam Generator Tube Using the PWSCC Initiation Model and Damage Mechanics Approach  by Jeon, Jun-Young et al.
 Procedia Materials Science  3 ( 2014 )  811 – 816 
Available online at www.sciencedirect.com
2211-8128 © 2014 Published by Elsevier Ltd. Open access under CC BY-NC-ND license. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of Structural Engineering
doi: 10.1016/j.mspro.2014.06.133 
ScienceDirect
20th European Conference on Fracture (ECF20) 
Multiple axial surface PWSCC growth assessment of steam 
generator tube using the PWSCC initiation model and damage 
mechanics approach 
Jun-Young Jeona, Yun-Jae Kima, Jong-Sung Kimb*
a Korea University, 145 Anam-ro, Seongbuk-ku, Seoul,136-701, Republic of Korea 
b Sunchon National University, 255 Junagng-ro, Suncheon, 540-950,Republic of Korea  
Abstract 
This paper proposes the PWSCC growth assessment methodology for Alloy 600 steam generator tubes based on the 
PWSCC initiation model and finite element damage analysis. Damage was defined integral ratio of the operating 
time increment to the PWSCC initiation time. The Garud’s PWSCC initiation model considering temperature, water 
chemistry, material, and cold working effects was used to calculate the PWSCC initiation time in the damage. The 
assessment methodology was calibrated and verified comparing with the JNES’s PWSCC growth test results for the 
single-cracked steam generator tube. The verified methodology was applied to collinear and parallel axial surface 
cracks.  As a result, for the collinear crack, the penetration times of the collinear cracks are earlier than those of the 
single cracks, the penetration time increases with increasing the space between adjacent cracks, and the penetration 
occurs before the coalescence for the case that two cracks are more distant than the specific space. For the parallel 
crack, the penetration times of the parallel cracks are later than those of the single cracks, and the penetration time 
increases with decreasing the space between adjacent cracks. 
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1. Introduction 
Steam generator tubes in PWR (pressurized water reactor) plant have an important safety role because they 
constitute one of the primary barriers between the radioactive and non-radioactive sides of the plant. So, the 
integrity of the tubes should be maintained during the lifetime of the plant. Some steam generator tubes in the 
operating plants fabricated from Alloy 600 have experienced some PWSCCs (USNRC (2010)). The evaluation of 
crack growth behaviour of the PWSCCs is one of the essential factors to assess structural integrity of the degraded 
steam generator tubes.  
During the past two decades, researchers have tried to develop the mechanistic or physics based models such as 
the active path dissolution/film rupture model (Ford and Anderson (1988)) and hydrogen assisted cracking model 
(Hall and Symons (2001)) to understand and predict SCC (stress corrosion cracking) growth including the PWSCC. 
However, to date no specified model is completely agreed upon. Currently, there is no single predictive model 
available that can correctly model SCC. Therefore, the empirical models such as Scott’s model (1991), and Rebak 
and Smialowska’s model (1995), based on laboratory test data, are currently being used widely for life prediction of 
PWR components. These empirical models are given as the correlation of SCC growth rate with stress intensity 
factor. The PWSCC growth assessment procedure presented in the ASME B&PV Code, Sec.XI (ASME B&PV 
Code Committee (2011)) is based on the empirical models. However, the empirical models are valid only within the 
range experimental parameters from which they are derived and should be extrapolated with caution (Mohanty et al. 
(2012)). The PWSCCs have occurred on the steam generator tubes with morphology of multiple cracks (KAERI 
(2004)). The existing assessment procedures presented in technical basis such as the ASME B&PV Code, Sec.XI 
aren’t sufficient for the multiple PWSCCs because the procedures are based on a single crack. Therefore, the 
PWSCC growth assessment methodology, which can adequately predict the multiple PWSCC growth behaviour 
such as growth rate/path, coalescence between two adjacent cracks, and penetration, is required.  
This paper proposes the multiple PWSCC growth assessment methodology based on the PWSCC initiation model 
and FE (finite element) damage mechanics approach. Damage was defined integral ratio of the operating time 
increment to the PWSCC initiation time. The Garud’s PWSCC initiation model (Garud and McIlree (1986), EPRI 
(2012)) considering temperature, water chemistry, material, and cold working effects was used to calculate the 
PWSCC initiation time in the damage. The assessment methodology was calibrated and verified comparing with the 
JNES’s PWSCC growth test results for the single-cracked steam generator tube (Yamamoto et al. (2005)). The 
verified methodology was applied to collinear and parallel axial surface cracks.   
Nomenclature 
A material/stress (or microcracking) resistance parameter of the model  
Ce, Cm    environment factor, material factor  
E            Young’s modulus of elasticity 
K           stress intensity factor 
S            effective tensile stress, including residual stress 
Su, Sy      ultimate tensile strength, tensile yield strength 
T  temperature 
a             crack depth 
an           normalized SCC cold work resistance factor, primarily material (alloy) dependence 
c            half crack length  
m           measure of cold work 
r             strength ratio 
s             axial distance between two collinear axial surface cracks, circumferential distance between two parallel 
axial surface cracks 
t             time 
ti            time to SCC initiation  
z            threshold stress model parameter 
λe           material-environment factor including the Arrhenius temperature dependence 
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2. Finite Element Damage Analysis 
2.1. PWSCC initiation model  
The empirical PWSCC growth models, using the stress intensity factor, can have some problem to predict growth 
paths of the multiple PWSCCs and can’t consider effect of the cold working on the PWSCC growth rate. The 
damage mechanics approach using the PWSCC initiation model includes an estimation of the PWSCC damage that 
can be related to effective crack growth. The recent Garud’s model can consider the cold working effect (EPRI 
(2012)). So, the study assessed growth behavior of the multiple PWSCCs via the finite element damage analysis 
which used the Garud’s PWSCC initiation model as defining the damage as a function of PWSCC initiation time. 
The Garud’s PWSCC initiation model for the alloy 600 under primary water environment is as follows: 
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where a final value of Ce has to be calibrated via comparing FE damage analysis result with PWSCC test result.   
2.2. PWSCC growth simulation technique  
The damage was defined integral ratio of the operating time increment to the PWSCC initiation time as follows: 
0
t
i
dtD
t
= ³    (6) 
When the accumulated damage becomes critical, D=Dc=1, incremental crack growth is simulated as follows. To 
simulate loss of load-carrying capacity of the material, all stress components and elastic modulus at the gauss point 
were reduced sharply to a small plateau value. The above failure simulation technique is implemented in ABAQUS 
(Dassualt (2013)) using user subroutines. More detailed information can be found in Kim, et al.’s paper (2011).  
3. Application to Alloy 600TT Tubes with an Axial Surface Crack and Experimental Validation 
3.1. Target model 
This sub-section illustrates how to determine the PWSCC growth damage model for Alloy 600TT steam 
generator tubes. To determine the damage model, (at least) one growth test data for single PWSCC are needed. 
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These test data were taken from Yamamoto et al.’s study (2005). The dimensions of the tube specimen for the test 
are shown in Fig. 1. Fatigue pre-crack was introduced with axial surface crack shape at the tip of EDM slit by cyclic 
loading of internal pressure. Yield strength and tensile strength of the alloy 600TT were 328MPa and 706MPa, 
respectively. Elongation of the alloy 600TT was 45%. The internal pressure of test loop was kept constant at 
21.1MPa for primary water tests. A simulated RCS water condition was, boric acid of 1800 ppm as B, lithium 
hydroxide of 3.5 ppm as Li, and H2 of 30 cc/kg·H2O. The test temperature was 360°C for primary water.  
3.2. Damage model for alloy 600TT 
To develop the damage model of alloy 600TT steam generator tubes, conventional 3-D, elastic-plastic FE analysis 
was performed to simulate the PWSCC growth test. Symmetric conditions were fully utilized and the first order 
solid elements (C3D8 within ABAQUS (Dassault (2013)) were used with the 0.1mm element size. The FE mesh is 
shown in Fig. 2. To determine a final value of the environment factor Ce, FE damage analyses were performed for 
various environment factor values and then the analysis results were compared with the PWSCC growth test results 
performed by JNES (Yamamoto et al. (2005)). The final value was determined at 4.6x10-14 via this process. The 
simulated result using the final environment factor value is compared with experimental data in Fig. 3. As shown in 
the figure 3, the prediction using FE damage analysis (Ce=4.6x10-14) has good agreement with the experiment.  
3.3. FE damage simulations and comparison with test data 
In the Yamamoto’s paper (2005), various growth test data of alloy 600TT tubes with single axial Surface 
PWSCCs were also reported. To simulate alloy 600TT tube tests with single axial surface PWSCCs, FE damage 
analyses were performed using the calibrated damage model in the previous sub-section. Fig. 4 depicts comparison 
of PWSCC growth rate data vs. stress intensity factor for various cold working ratios between the JNES’s test and 
the FE damage analyses. Solid lines mean the fitting lines by Scott’s equation (1991). Solid rectangle symbols mean 
JNES’ test data. Red-colored hollow circle symbols mean FE damage analysis results. As depicted in the figures, the 
                 
Fig. 1. Dimensions of the alloy 600TT steam generator tube for PWSCC growth test.    Fig. 2. FE mesh of the axial surface cracked tube. 
Fig. 3. Comparison of the experimental data for the alloy 600TT tube with the prediction using FE damage analysis (Ce=4.6x10-14). 
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FE damage analysis results have a little difference with the test data and are adequately located on the Scott’s fitting 
lines irrespective of the cold working ratio. So, it is identified that the PWSCC growth assessment methodology 
using FE damage analysis can give reasonable prediction results.     
4. Application to Two Axial Surface PWSCC Problems 
4.1. Prediction of PWSCC growth behaviors for two collinear axial surface cracked tubes 
The cracks were assumed to be constant crack shape ratio 2a/c=1/6, having a straight crack front. Eight different 
cases were considered; two different crack depth ratio a/t=0.05 and 0.1, with four different axial distance between 
two collinear cracks, s=0.5mm, 1.0mm, 1.5mm and 2.2mm. Fig. 5 depicts variations of the coalescence and 
penetration times vs. the axial distance between two collinear cracks. For the collinear crack, the penetration times 
of the collinear cracks are earlier than those of the single cracks, the penetration time increases with increasing the 
space between adjacent cracks, and the penetration occurs before the coalescence for the case that two cracks are 
more distant than the specific space. 
4.2. Prediction of PWSCC growth behaviors for two parallel axial surface cracked tubes 
The cracks were assumed to be constant crack shape ratio 2a/c=1/6, having a straight crack front. Six different 
cases were considered; two different crack depth ratio a/t=0.05 and 0.1, with three different circumferential distance 
between two collinear cracks, s=0.5mm, 1.0mm and 1.5mm. Fig. 6 shows variations of the penetration time vs. the 
circumferential distance between two collinear cracks. For the parallel crack, the penetration times of the parallel 
cracks are later than those of the single cracks, and the penetration time increases with decreasing the space between 
adjacent cracks. It is also expected that the strengthening effect is dissipated for the case that two cracks are more 
distant than the specific space.  
   
Fig. 4. Comparison of PWSCC growth rate data vs. stress intensity factor for various cold working ratios between the JNES’s test and the FE 
damage analyses (a) r=0%; (b) r=5%; (c) r=8%.  
Fig. 5. Variations of the coalescence and penetration times vs. the axial distance between two collinear cracks.
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Fig. 6. Variations of the penetration time vs. the circumferential distance between two collinear cracks (a) a/t=0.05; (b) a/t=0.1. 
5. Conclusions 
From the assessment on the multiple axial surface PWSCCs of steam generator tubes, the following findings are 
derived: 
{ The PWSCC growth assessment methodology using FE damage analysis can give reasonable prediction results.  
{ For the collinear crack, the penetration times of the collinear cracks are earlier than those of the single cracks, the 
penetration time increases with increasing the space between adjacent cracks, and the penetration occurs before the 
coalescence for the case that two cracks are more distant than the specific space.    
{ For the parallel crack, the penetration times of the parallel cracks are later than those of the single cracks, and the 
penetration time increases with decreasing the space between adjacent cracks. 
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